ABSTRACT. Downy mildew (Plasmopara viticola) and anthracnose (Sphaceloma ampelinum) are two major diseases that severely affect most grapevine (Vitis vinifera) cultivars grown commercially in Thailand. Progress of conventional breeding programs of grapevine for improved resistance to these diseases can be speeded up by selection of molecular markers associated with resistance traits. We evaluated the association between 13 resistance gene analog (RGA)-single-strand conformation polymorphism (SSCP) markers with resistance to downy mildew and anthracnose in 71 segregating progenies of seven cross combinations between susceptible cultivars and resistant lines. F 1 hybrids from each cross were assessed for resistance to downy mildew and anthracnose (isolates Nk4-1 and Rc2-1) under laboratory conditions. Association of resistance traits with RGA-SSCP markers was evaluated using simple linear regression analysis. Three RGA-SSCP markers were found to be significantly correlated with anthracnose resistance, whereas significant correlation with downy mildew resistance was observed for only one RGA-SSCP marker. These results demonstrate the usefulness of RGA-SSCP markers. Four candidate markers with significant associations to resistance to these two major diseases of grapevine were identified. However, these putative associations between markers and resistance need to be verified with larger segregating populations before they can be used for marker-assisted selection.
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INTRODUCTION
Grapevine (Vitis spp) is one of the economic fruit crops that grow well in tropical areas, including Thailand. However, its cultivation has been limited by high costs associated with disease and insect management. Downy mildew (Plasmopara viticola) is the most destructive fungal disease affecting grapevine in Thailand, followed by anthracnose (or scab as called by Thai pathologists [Sphaceloma ampelinum; teleomorph Elsinoë ampelina] ). These diseases can cause as high as 50% crop losses in a season (CAB International, 2000) . The application of fungicides to control diseases is efficient, but expensive and harmful to users and consumers. Thus, conventional breeding for disease resistance has been frequently employed, using American and Asian cultivars or wild species as sources of resistance in many countries including United States, China and Thailand (Reisch and Pratt, 1996; Mahanil, 2007; Tian et al., 2008; Louime et al., 2011) . However, the phenotypic selection used in conventional breeding may be complicated by the genotype-environment interactions, epistasis, and difficult, unreliable, time-consuming, or expensive testing procedures. Therefore, selection at the DNA level for markers closely linked to the traits of interest, such as productivity, resistance and quality, should be more efficient, enabling the evaluation of a large number of plants in a time-and cost-effective manner. Moreover, marker-assisted selection allows breeders to make sophisticated decisions in choosing appropriate parents and screening desirable progeny at an early stage. In addition, disease and insect resistance traits can be selected in the absence of pests using this approach (Shalini et al., 2007; Collard and Mackill, 2008) .
Several molecular marker systems such as random amplified polymorphic DNA (RAPD), restriction fragment length polymorphism (RFLP), amplified fragment length polymorphism (AFLP), simple sequence repeat (SSR), inter-simple sequence repeat (ISSR), and single-strand conformation polymorphism (SSCP) have been used in the analysis of marker-trait association (Roy et al., 2006; Wang et al., 2010; Bandyopadhyay, 2011; Diaz et al., 2011; Immanuel et al., 2011; Kalivas et al., 2011; Milad et al., 2011; Nisar and Ghafoor, 2011; Yu et al., 2011) . The association of these molecular markers with different traits related to disease and insect resistance has been established in several plants (Lefebvre and Chèvre, 1995; Obert et al., 2000; Shalini et al., 2007) . In grapevine, molecular markers for resistance against powdery mildew, downy mildew, Pierce's disease, and dagger nematode have also been discovered (Delmotte et al., 2006; Mahanil, 2007; Riaz et al., 2009 Riaz et al., , 2011 Adam-Blondon et al., 2011) . However, when three RAPD markers reported to be linked to anthracnose resistance in Chinese wild grapes Zhang et al., 2001) were evaluated in 7 cross combinations of grapevine in Thailand, there was either no polymorphism between susceptible and resistant parents or no significant association between the marker and anthracnose resistance (Poolsawat, 2010) . Similarly, no polymorphism was found between four susceptible parents and four resistant parents, when three resistance gene analog (RGA)-sequence-tagged site (STS) markers previously reported to be linked to downy mildew resistance in the 'Horizon x Illinois 547-1' cross (Mahanil et al., 2007) were evaluated (Prajongjai T, Wongkaew S and Tantasawat PA, unpublished data). Therefore, the successful utilization of these markers may be limited to only certain populations resulting from crosses between specific parents, possibly due to the large and diverse repertoire of resistance genes (R genes) present in different resistance sources. To overcome this limitation and as an alternative to using planned cross populations (F 1 s, F 2 s, BCs, RILs, etc.), which may require substantial time and labor to develop, the association of molecular markers with traits has been identified through the utilization of germplasm segregating for the traits of interest and the regression analysis (Pradeep et al., 2007; Abdurakhmonov and Abdukarimov, 2008; Adam-Blondon et al., 2011) . This approach offers an appealing ability to explore the associations between markers and R genes in a larger set of resistant genotypes varying in genetic background of R genes, and should allow a rapid and efficient survey of marker-R gene associations in multiple cross combinations involving different resistant parents.
The ability of SSCP markers to detect a single base pair change in the DNA sequence rapidly and inexpensively makes them highly efficient for analyzing genetic diversity and relationships as well as for marker-trait association (Cai and Touitou, 1993; Sunnucks et al., 2000) . In this study, SSCP primers were designed from RGAs of two grapevine genotypes resistant ('NY88.0507.01') and susceptible ('Black Queen') to downy mildew and anthracnose (Seehalak et al., 2011) . The potential use of these RGA-SSCP markers in the detection of downy mildew and anthracnose resistance genes was then evaluated in segregating populations of grapevine F 1 hybrids from seven different cross combinations using regression analysis. The F 1 seedlings were grown in a greenhouse in 24-cm diameter x 20-cm deep plastic pots in a soil mix (peat moss, soil, burnt rice-chaff, perlite, vermiculite, and sand in a 1:1:1/2:1: 1:3/4 ratio by volume) with one plant per pot. The plants were protected from diseases by spraying once every 2 weeks with 2 g/L mancozeb (manganese ethylenebis [dithiocarbamate] ) and 0.6 g/L triadimefon (1-(4-chlorophenoxy)-3,3-dimethyl-1-(1H-1,2,4-triazol-1-yl) butanone) for disease management. Plants were fertilized with 10 mL/L 11-8-6 foliar fertilizer every 2 weeks, and stable manure was applied every 2 months. The fungicides were exempted for 1 month prior to inoculation.
MATERIAL AND METHODS

Plant materials
Downy mildew resistance evaluation
F 1 hybrids of seven crosses were evaluated for resistance to downy mildew by detached leaf assay as described by Mahanil (2007) . The number of total spores per leaf was determined and converted to number of spores/25-cm 2 leaf area. Resistance levels were classified into 6 classes based on spore production: 0 = 0-5 spores/25 cm 2 ; 1 = 6-10 spores/25 cm 2 ; 2 = 11-15 spores/25 cm 
Anthracnose resistance evaluation
F 1 hybrids of seven crosses were assessed for anthracnose resistance by the excised leaf assay described by Tharapreuksapong et al. (2009) . Two S. ampelinum singleconidial isolates from Nakhon Ratchasima (Nk4-1) and Ratchaburi (Rc2-1) Provinces as described by Poolsawat et al. (2009) were used for the analysis. The disease severity was estimated by lesion score (a scale of 1 to 5 based on lesion numbers per inoculated droplet: 1 = 0-6 lesions; 2 = 7-25 lesions; 3 = 26-50 lesions; 4 = 51-100 lesions; 5 = ≥100 lesions) (Poolsawat et al., 2012) . Disease severity value of each hybrid was transformed using X' = (X + 1) 1/2 .
DNA extraction, primer design and restriction enzyme selection
The genomic DNA of F 1 hybrids was extracted by the cetyltrimethylammonium bromide (CTAB) method according to Owens (2003) and dissolved in sterile deionized water at a concentration of 30 ng/μL. The concentration and purity of DNA were determined using an ND-1000 spectrophotometer (NanoDrop Technologies Inc., Wilmington, DE, USA) at A 260 and A 280 . Six specific SSCP primer pairs were designed from the sequences of grapevine RGAs derived from genomic DNA of a downy mildew and anthracnose-resistant hybrid 'NY88.0507.01' (rgVhybNY507_11, rgVhybNY507_17, rgVhybNY507_28, rgVhybNY507_90, and rgVhybNY507_92) and a susceptible cultivar 'Black Queen' (rgVvinBQ_47) (Seehalak et al., 2011) by using Primer 3 (v. 0.4.0; http://frodo.wi.mit.edu/ primer3/), and were named after their respective RGA clones. The similarity of these RGAs to other genes/proteins at the levels of nucleotide and amino acid sequences is summarized in Table 1 . Appropriate restriction enzymes that cut each RGA into ca. 100-to 200-bp DNA fragments were selected from NEBcutter V2.0 (http://tools.neb.com/NEBcutter2/). 
SSCP analysis
Each 20-μL PCR mix contained 30 ng genomic DNA template, 1X buffer [75 mM TrisHCl, pH 9.0, 50 mM KCl, 20 mM (NH 4 ) 2 SO 4 ], 0.1 mM of each dNTPs, 2.5 mM MgCl 2 , 2 μM RGA-SSCP primers (Table 2 ) and 1 U Taq DNA polymerase (Invitrogen, Brazil). The conditions for PCR in a ThermoHybaid Px2 thermocycler (Thermo Fisher Scientific, Inc., Waltham, MA, USA) were as follows: denaturation at 94°C for 5 min; 25-40 cycles of denaturation at 92°C for 50 s, annealing at 45-63°C for 50 s, extension at 72°C for 1 min, and a final extension at 72°C for 10 min. Briefly, the PCR products amplified by each primer pair were cut by a selected restriction enzyme ( Table 2 ). The restricted PCR products (6 μL) were diluted with 3 μL 3X SSCP loading dye [95% (v/v) formamide, 0.05% (w/v) xylene cyanol, 0.05% (w/v) bromophenol blue, and 20 mM EDTA, pH 8.0] and denatured at 94°C for 5 min. The samples were then immediately cooled on ice before loading. Electrophoresis was performed on an 8% (v/v) polyacrylamide gel [acrylamide/bis, 19:1, 2% (v/v) glycerol, 1X TBE, 0.10% (v/v) TEMED, and 0.01% (w/v) ammonium persulfate] at 4°C, 200 V for 60 min. The gel was stained with silver nitrate according to Sambrook and Russell (2001) . The DNA bands on all the gels were scored in a matrix with the absence of amplification product as "0" and the presence as "1" and used in a simple linear regression analysis with phenotypic data of downy mildew and anthracnose resistance evaluations on each of the seven crosses. SSCP analysis was performed 2-5 times and only the reproducible DNA bands were scored. 
Statistical analysis
The association between RGA-SSCP markers and disease resistance was evaluated by simple linear regression analysis using the SPSS version 14.0 program (Levesque and SPSS Inc., 2006) where each resistance trait was treated as a dependent variable, while the RGA-SSCP marker was treated as an independent variable (Virk et al., 1996) . R 2 denotes the square of r, the correlation coefficient. Each marker was calculated for beta statistics, which is defined as standardized regression coefficient = BSx/Sy, where B is the regression coefficient and Sx and Sy are the standard deviations of the independent (x) and dependent (y) variables (Kar et al., 2008; Ruan et al., 2009) . The association of markers with disease resistance was assessed by testing the level of significance using the Student t-test.
RESULTS AND DISCUSSION
Genetic association of downy mildew and anthracnose resistance with RGA-SSCP markers (designed from five RGAs of a resistant hybrid 'NY88.0507.01' and one RGA from a susceptible cultivar 'Black Queen') was evaluated in segregating populations of 71 grapevine F 1 hybrids from seven cross combinations. In each of the seven crosses examined, one to three RGA-SSCP primer pairs were able to generate polymorphic DNA bands between resistant and susceptible parents. In total, 13 RGA-SSCP markers were found to be polymorphic, including BQ47_1, BQ47_2, BQ47_3, NY11_1, NY17_1, NY28_1, NY28_2, NY28_3, NY90_1, NY92_1, NY92_2, NY92_3, and NY92_4, which were amplified by primers rgVvinBQ_47, rgVhybNY507_11, rgVhybNY507_17, rgVhybNY507_28, rgVhybNY507_90, and rgVhybNY507_92, respectively. Simple linear regression analysis was performed to determine the association of these RGA-SSCP markers with downy mildew and anthracnose resistance. Phenotypic values of each of the three resistance traits (downy mildew resistance and anthracnose resistance to isolates Nk4-1 and Rc2-1) were separately regressed on each of the polymorphic markers. A summary of simple linear regression, beta, t-test, and R 2 for downy mildew and anthracnose resistance is shown in Table 3 . Four of 13 polymorphic RGA-SSCP markers were found to be associated with downy mildew or anthracnose resistance. Among these markers, one marker (NY28_1) was linked to downy mildew resistance and three markers (NY92_1-3) were linked to anthracnose resistance. Figures 1 and 2 show RGA-SSCP profiles generated with RGA-SSCP primers rgVhybNY507_28 and rgVhybNY507_92, respectively. The NY28_1 marker showed a negative correlation (R 2 = 0.522) with downy mildew resistance in the 'Carolina Black Rose x NY65.0550.04' cross. This marker showed significant (t = -2.765, P = 0.028) and high standardized beta coefficient (-0.722), suggesting that it was associated with downy mildew resistance.
Because anthracnose resistance has been shown to be isolate-specific in grapevine , two virulent anthracnose isolates (Nk4-1 and Rc2-1), which differ genetically, were used for the disease response evaluation. The association of RGA-SSCP markers with resistance to both isolates of anthracnose is presented in Table 3 . In case of resistance to anthracnose isolate Nk4-1, two markers (NY92_1 and NY92_3) were identified through simple linear regression analysis. Beta coefficients and t values revealed that they were highly significant (NY92_1; t = 4.776, P = 0.003) and significant (NY92_3; t = 2.906, P = 0.027). They showed a positive correlation with resistance to anthracnose isolate Nk4-1 with R 2 values of 0.792 and 0.585, respectively, in the 'Carolina Black Rose x NY65.0550.04' cross. Hence, these markers were associated with susceptibility to anthracnose isolate Nk4-1. It is interesting to note that NY92_3 was highly correlated with NY92_1 (r = 0.745; P = 0.017), suggesting that selection based on only NY92_1, which exhibited the highest R 2 , should be sufficient. Anthracnose resistance to isolate Rc2-1 was found to be associated with the marker NY92_2. This marker showed negative and significant correlation (R 2 = 0.638; t = -3.249, P = 0.017) in the 'Black Queen x NY65.0550.04' cross, and high standardized beta coefficient of -0.799. These results indicate that NY92_2 showed a strong association with anthracnose resistance to isolate Rc2-1. It appears that the resistance to both isolates of anthracnose can be identified by SSCP analysis using only the rgVhybNY507_92 primer pair and HinfI (Table 2) . Table 3 . Simple linear regression analysis on resistance gene analog-single-strand conformation polymorphism (RGA-SSCP) markers and resistance to downy mildew and anthracnose (Nk4-1 and Rc2-1 isolates) in seven crosses of grapevine F
These results suggest that RGA-SSCP markers are efficient for the assessment of downy mildew and anthracnose resistance in grapevine at an early stage. Downy mildew resistance and anthracnose resistance to Nk4-1 and Rc2-1 isolates can be identified by 3 RGA-SSCP markers, NY28_1, NY92_1 and NY92_2, with the percentage of phenotypic variance explained by each marker (R 2 ) of 52.2, 79.2 and 63.8%, respectively. In addition, these results indicate that the associations between all three RGA-SSCP markers with downy mildew or anthracnose resistance were found in cross combinations with 'NY65.0550.04' as a male parent. V. champini, V. rupestris, V. simpsoni, V. shuttleworthii, V. labrusca, V. smalliana, V. rotundifolia, V. tiliafolia, V. vulpina, V. munsoniana, etc ., have been reported as sources of resistance to anthracnose (Mortensen, 1981) , while downy mildew resistance can be found in V. amurensis, V. cinerea, V. labrusca, V. rotundifolia, V. riparia, V. rupestris, etc. (Reisch and Pratt, 1996; Brown and Moore, 1999) . It should be noted that V. rupestris, V. lincecumii, V. labrusca, and V. riparia are progenitors of 'NY65.0550.04'. The highly significant and significant general combining ability values of 'NY65.0550.04' for anthracnose and downy mildew resistance, respectively, suggest that it is a good parent for breeding programs to improve anthracnose and downy mildew resistance of grapevine in Thailand. In particular, the 'Carolina Black Rose x NY65.0550.04' cross is recommended for improvement of both downy mildew and anthracnose resistance (Mahanil, 2007; Poolsawat O, Wongkaew S and Tantasawat PA, unpublished results) . In view of these results, it can be concluded that 'NY65.0550.04' is a good source of resistance to both downy mildew and anthracnose. RGA-SSCP markers associated with downy mildew and anthracnose resistance and revealed in this study may be useful in future grapevine breeding programs using 'NY65.0550.04' as a resistance source. However, the putative associations between these RGA-SSCP markers and resistance need to be verified with larger segregating populations before their subsequent use in future marker-assisted breeding programs.
